Abstract
Introduction

Customary prosthetic socket construction
The incidence of amputations in Germany is -in comparison to other European countries -relatively high, with more than 60,000 amputations per year [1] . Experts predict an increase of the number of amputations in the future despite improved medical prevention and successful treatment of potential risk factors. This fact will be reflected in the future according to demographic changes related to the negative correlation between increased health care system costs and decreased social insurance proceeds [2, 3] . The most important medical therapy concept for amputees is to provide prosthetic supply and to enable this patient collective to participate in active life and to socially reintegrate [4] . Due to this therapy, patients regain mobility, can still feed themselves and even partially reintegrate to professional life, whereby, potential occurring care-giving expenses can be reduced. However, the prosthetic socket must not create too high pressure to the stump's soft tissue in order to avoid low perfusion areas, pressure marks and wound healing problems (Fig. 1.) . A homogeneous pressure distribution over the entire stump must be obtained under static and dynamic pressure conditions. In addition, an optimally shaped prosthetic socket must consider the individual soft tissue properties of the amputation stump. These facts pose an enormous patient specific challenge to the orthopedic technician [5] .
Aim of the presented research work
The improvement of the currently empirical process of prosthesis design in orthopedic technology with the aid of modern imaging techniques computer technology by taking into account patient-specific consistence of the amputation stump is the central aim of the work. The cooperation project (COPKOComputer Aided Optimization of Prosthetic Socket Construction in Orthopedics) is peer-reviewed and funded by the Bavarian Research Foundation (www.forschungsstiftung.de) in Germany. To capture and simulate the complex processes of changing soft tissue properties during the prosthetic treatment, especially in the interaction with the prosthetic socket, the development of a realistic, anatomical 3-D model of the amputation stump is required. Using modern gait laboratory analysis and pressure distribution measurements, the biomechanical tissue changes can be quantified and are considered for the creation of a physically realistic virtual 3-D model of the amputation stump. Based on patient-specific 3-D models, the 3-D visualization, quantification and simulation of the individual biomechanical tissue changes in the amputation stump during the interaction with the prosthetic socket was evaluated using finite element analysis. The computer-aided visualization and virtual simulation of soft tissue deformation and of the contact forces in the interface between the patientspecific deformable model and the amputation stump at the computer individually planned model of the prosthetic socket will serve as basis for a reproducible construction and fabrication of individually adjusted exoskeleton prosthetic socket systems as well as a computer-simulated "virtual try-on" before construction and fabrication of the prosthesis even in the absence of the patients. [6] . 3-D surface scanning was performed by a surface scanner using laser triangulation (Konica Minolta Co., Ltd., Osaka, Japan). Regarding a 3-D scan protocolrealigned to preliminary studies examining breast shape measurements [7, 8, 9, 10, 11] -the amputation stump of the patient were scanned in upright position under standardized lighting conditions (light intensity 350-4000 lux). The amputation stump was hanging down without muscle tension during imaging. The 3-D Scan was taken from multiple directions (a-p: +45 degrees, 0, -45 degrees; p-a: +45 degrees, 0, -45 degrees), to receive an image of the entire amputation stump (Fig. 2) .
Fig. 2. 3-D surface scan of an amputation stump (l) and corresponding MRI data (r).
The recalculation of the amputation stump, deformed by lying in supine position in the MRI, back in the upright position provides the source for the development of a realistic, anatomical 3-D model for the described project and exemplifies an innovative method. The described process has been validated on a patient where both upright and regular supine MR image data were accessible in addition to 3-D surface scans with the aid of a software (Raindrop Geomagic Studio 10®, Raindrop Geomagic, Inc., NC, USA) calculating the 3-D compare (mean standard deviation in mm) of the 3-D models.
Magnet resonance imaging (MRI)
Patients participating in the project underwent MRI, after being informed of the investigation and having signed a patient consent, in a Philips Achieva 1,5 Tesla MRI Scanner (Philips Medical Systems DMC GmbH, Hamburg, Germany) using T1-weighted imaging sequence. For this purpose, an MRI protocol to ensure a standardized examination was developed. The stump of the lying patient in supine position is examined without prosthesis from the distal end of the stump to the pelvic height (anterior superior iliac spine). The amputation stump is supported by two pads (medially and laterally) in order to site the stump in the right position for the MRI performance without producing deformation to the soft tissue. The resultant T1-weighted images are transferred in DICOM files into the program Mimics® (Materialise, Leuven, Belgium) and were segmented into different compartments representing fat, muscle and bone (Fig. 3.) . The amputation stump lying on the scanner pad causes deformation in the dorsal soft tissue parts. For the process of recalculation and to validate the constructed anatomical volume models, an upright MRI scan of one patient was performed in standing position with and without an optimal fitted prosthesis socket and in lying position with and without an optimal fitted prosthesis socket.
Finite element analysis (FEA)
The physical behavior of biological tissue can be virtually simulated using specific numerical formulas. With FEM it is possible to quantify the deformation of anatomical structures caused by the prosthetic socket compression. The FEM is well established for industrial purposes and is also applicable to medical and biomechanical objectives [19, 20] . The segmented geometries were fitted in the surface geometry of the upright 3-D scan. Therefore a simplified FE model was built in consideration of stiffness of soft tissue and bone using a FEA-Software (ANSYS, CADFEM GmbH, Grafing, Germany). The calculated models reproduced the inner anatomical structure of the stump. The results of the deformation calculations of the patients were validated in FEA simulations and gait-and pressure analysis (Fig. 4.) .
Fig. 4. Validation of the deformation calculations via gait analysis (left) and finite element analysis (right).
Gait and pressure distribution analysis
The described methods only represent static description of the amputation stump. Therefore, first approaches using gait and pressure distribution analysis are described to analyze the interaction between the stump and the socket and to evaluate the impact to the whole body movement of the patient [12] [13] [14] [15] [16] [17] [18] . These dynamic analyzing methods guarantee an objective quantification of the resulting interaction during the gait cycle and offer a visualization of the gait pattern (Fig. 4) . Finite element analysis and data of the correspondent gait-and pressure analysis validate the application of the described method. The results of the final simulation geometry, received via the performed recalculation process, compared with the segmented 3-D model, serve as a validation tool for the applied numerical simulation model
Conclusions
The results described here, show that 3-D surface scanning is essential for the development of a realistic, anatomical 3-D volume model of the amputation stump. Validation results show a considerable improvement from the deformed MRI model in comparison to the reversely calculated MRI model, which is important for a realistic and physically based computer assisted design of the prosthetic socket. Based on patient-specific 3-D model and 3-D visualization quantification and simulation of the individual biomechanical tissue changes in the amputation stump during the interaction with the prosthetic socket can be evaluated using finite element analysis (FEA).
A B
3rd International Conference on 3D Body Scanning Technologies, Lugano, Switzerland, 16-17 October 2012 
